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APPENDIXIII

RadiationDose predicti~nfor UndergroundNuclearDetonations

— H, Mueller (ARL,Las VegaS)
Introduction

The detonation

accompanied.by

of a nuclear

a releaseof

device bcneoth the earth’s nurfacemny be

radioactivityto the atmosphere, Whether a

nlease will or will not occur depends on a number of factora. Expcricrice

has shown that for certaintypes of device emplaccmentqrelea~esare to be

expected,e.g. crateringdetonations. For uther types of emplacements,

releasesam not expectedand do

radioactivematerialswhich have

explosionshave varied over many

not normally occur. The quantitiesof

been releasedfrcxnindividualunderground

orders of magnitude. The physicalcharacter-

isticsof the releasesand the-compositionof the releasedmaterialshave

also varied greatly. In some instancesonly small.releases,or seepages

“ofprimarilynoble gases have been observed. On the other hand, releases

of large quantitiesof radioactivematerialhave been experienced,consist-

ing of both gaseousand refractorymaterials,resultingin considerable

local radioactivefalloutand in airborneactivitybeing detectedat great

downwinddistances. A radlonuclideof particularinterestis radioiodine,

particularlyiodine-131. The quantitiesof this nuclidereleasedduring

a seepa~eis rather snmll and does not constitutean off-sitehazard.

For prompt massiveventings,however, relatively large quantitiesmy bc

relea~ed,later appear in the milk of dairy cattle,and potentiallyresult

in exposuresto the t~oids of those who consumethe milk. It is this

lattertype of releaseand the predictionof its relatedpotentialexposures

to man which Is the eUbJectof what follows.
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h’hcnradicnctivematerialsme releasedto the atmoophercdurin,~a prompt
.

massivennti~~ of an under~roundnucleardetonation,part of the radio-

active debris falls rather rapidlyto the earth’s surfacead is commonly

referredto as local fallout. The remainingradioactivity,that in gaseous

form or associatedwith very small particles,is carriedto much greater

downwinddistances. That portion of the total activityproducedby the

nuclearexplosionwhich is depositedin the local falloutpattern is

referredto as the falloutfraction. Within certainlimits the fallout

fractionis a functionof the scaled distanceof the device beneath the

earth’ssurface. It is also a functionof other variablessuch as the

water contentof the medium surroundingthe device. Bcperlmentaldata

showtkt for devicesdetonatedwithin the range of scaleddepths frcm

about 15 1#3 to IS. k?~3 the associatedfalloutfractionsrange from

about 80$ downwardto a few percent,respectively. These data form the ‘

basis for an empiric@ relationshipwhich providesuseful estimatesof

the fslloutfractionsto be e~cted fran detonationsin this rang- of

scaleddepths. Ihta also indicatethat for lar~r scaleddepths of burial,

the falloutfractionapproacheszero as the scaleddepth asymptotically

approachesa

nsymptoteof

unexpectedly

value of about 350 #3, sanetimesreferredto as the

no venti~. Unfortunately,experiencehas also shown tlxnt

large falloutfractionshave indeed occurredat even greater

scaleddepths of

Ihta exist which

falloutfraction

burial.

perhaps indicatethat a

which might result from

reasonableuppr limit to the

an accidentalmassiveventing

of an undergrounddetonationdesignedfor cqlete contaimmnt is on the
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thc 1957 PLUMBODand 1958 HMM’ACK II oerico at

a number of ~mallyield nucleardeviceswere detonated

at the bottomof drilled holes. In contraotto the

tocky these holeG only contaimd one or more cement

6tcmmingprncticcoof

PIUIW betwm the

device and the &round surface. Four of these events, PASCAL A, OTERO,

BERWALILM, and VALENC~ had scaleddepths of burial ra@nc from 3800 W
1/3

to 1360 #’3. (Use of scaleddepth may not be strictlyappropriatehcm).

The maximum fractionof the total activityproducedby these detonations

which was depositedin the local falloutpatternwas about 5.5’%.Fallout

fkactionaresultlngi?rm accidentalventingsof detonationsdesignedfor

completecontainment,includingline of sight and tunnel events,have not

exceededthis number. (Finaldeterminationof the falloutfractionfor

BANEBERRXhas ‘&t as yet been canpleted).

me occurrenceof a massive venting of an undergrounddetonationdesigned
.

for completecontainmentis accidentaland unpredictable. For safety

reasons,therefore,it has-beenthe practice for marw years, and cu-ntly

Is ccmznonpractice,to assume that for essentiallyall undergrounddetonations

of this type, a prompt massive venting is credible. Currentfallout

predictionproceduresare based upon this assumption.

&rmnt FalloutPredictionProcedures

The currentlyemployedfalloutpzwdictiontechniquewas derivedby modification

of a method originallydevelopedby the Speciall%oJectssection , U. S.

WeatherBureau,

data from tower

(0and Pooler .

in 1955. The originalmethod was based primarilyon fallout

shots in Nevadaa~ has been describedby N@er, Machta,

TIM modificationof this method has been reportedin de~il .

‘2) and its applicationhaa been discussedby Mueller (3,4)by Chaff and Palmer

andMorrell (5).
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amount of fallout
—

of particlesize and hei~ht In
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rcquim as input rather detailedspecification

and the distributionof activityas a function

the initialstabilizedradioactivecloud.

!l’hemo~simplifiedmethod currentlyemployed is a scali~ techniquewhich

does not requireexplicitdefinitionof the distributionof activityas

a functionof particle size and height in the initialcloud. Ibther,the

assumptionis made that an appropriateanalog event can be chosenwhose

particlesize-activitydistributiontill adequatelyapproximatethat of

the event for which a predictionis bei~ made. The scalingmethod consists

of a ratio techniquewhereby the parameterswhich determinehotline fallout

intensitiesand the locationof these fallout intensitiesin their respective

falloutpatte~s era related,and then used in conjunctionwith the
/-

empiricalresultsof a previousevent for predictionpurposes. Exposure

rate levelsare nomalized to one hour after the detonationat all downwind

distancesto accountfar radioactivedecay. This techniqueis used to

providepredictionsof: (a) externalgamma exposu= from depositedactitity

alo~ the fallouthotline; (b) exter’nalgamna exposurealonG the hotline frcm

immersionin the passing radioactivecloud; and (c) dose to the t~roid

potentiallyresultingfrom iwpstion of 1-131 contaminatedcow’smilk,

a@n, nlo~ the fallouthotline. ‘

The fozm of the scaling equation~,where the

analo~event ti the primed symbolsrefer to

as follows:

unprimedsymbolsrefer to the

the forthcomingevent, are

(4 r)

.
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whcm :

A, A’

e, e’

h, b’

v, V1

f, f’

Y, Y’

are the uanmn exposurerate levelG as n functionof distance

alo-~ the fallouthotline for an 11+1hour referencethe (R/hr)

are the

surf ace

are the

axw the

directionalshears in’the fallouthodo~raphfrom the.

to the top of the radioactivecloud (decrees)

radioactivecloud depths (feet)

resultantmean transportspeeds fran the surfaceto an

appropriatealtitudein the radioactivealoud(mph)

are tie falloutfractions($)

are the fissionor fissionequinlent yields of the nuclear

devices (R)

the exposurerate level (A’),when canputed,is applicableat the downwind

distance

(q H)

where :

x, xl are

h, Ii’ and V, V’ are definedas in IQ I above. (Note: ~ II is reversed

downwinddistancesalong the fallouthbtline (statutemiles)

in practice“tosolve for X rather than X’ therebyfacilitatingcomputational

procedures)..,

The unprimedquantitiesare obtainedfor the analo~ event by
. .

of observedexposurerate levels,meteorologicalconditions,

an analysis

and radimctive

clouddimensions. All yield informationis obtainedfrom the nuclear

laboratoryexecutingthe detomtion. Ifa reliablemethod of predictin&the

falloutfractionf! were availablethe value of this parametercould be a

varicMe. Estimatesof f’ for crateringexperimentscan be made, however~

/-

‘.

-------- . . .. ..--+. --- ., ,,, .,. .,,
.



.

I

I

{“

1

;
i

-6-

for ccl~t,ni]u~~cnt-des~.~ncddctonotionsit iG the prncticeto nGGumc thnt i“ = f.

Thlls,i~ metcorolo~icnlcondition and radiolctiw cloud dimcnoion~were ,’

idcn~icnlfor thd nrxnlo~mnd new events the prcdictcdCXPOGWC rutco vollld ‘

simplybe proportionalto fissionyield. A discussionof the subjective
j‘

estimationof the verticalcloud dimension(hf) and a detaileddescription

of the mechanicsfor obtainingvalues of (V’) and (d’) are given in

reference5.

The initialresult of the scalingprocess is the predictedH+l hour gamma

exposurezate levels as a function”ofdownwinddistancealong the fallout

hotline● ‘h obtaine~ommes, an appropriateradioactivitydecay rate is

appliedto’theli+lhour exposurerates. If significantquantitiesof

induced~cti~ties are involved,their potentialeffect on the gross gamma

decay rate must be considered.

Estimatesare also made of the inmersionexposureoccurri~ during cloud - ‘

passagealong the fsllouthotline. These estimatesare made on the basis

of the relativecontributionto centerlineexposurefrom cloud passage

and falloutobservedwith the analog event. It is assumed that the

=lative contributionsas a functionof downwinddistancefor the’new event

will be simila.~to those of the analog event.. Ilx3erate profilesfrom the

routinelyappliedanaloghave been examinedand currentpractice

is to assumean infinitefalloutto cloud passage centerlineexposun ratio

of 2:1. The exposure during cloud passage includescontributionsfrom

both the airbornedebris and the debris depositedduring cloudpassa=m.

!fhisprovidesan estimate,for example,of the exposurewhich couldbe

avoided by evacuationprior

be altered if the new event

----- .----- . .

to cloud passage. This ratio

decw rate were significantly

.,,., .,

.-
wouldt of course,

diffe~nt from that ‘;
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potentialdose to the thyroidfrom in~c~tionof 1-131

cont,wnirx~tedcow’smilk are mnde utilizih~an cmpiricnlrcl.ationohip

bctwccncnmma fnlloutfield intcnoitj.connd 1-131 pcnk concentrationin

cow’smilk dcvolopedby Knnpp (6), Knapp found that after a Q$n@e dry

depositionof radioactivefallouton pasturelandthe level of 1-131 in

the freshmilk of dairy cattle reacheda maximum value within h days and

thereafterdecreasedexponentiallywith a half reductiontime of about

5 days. M maximum level of 1-131 in the freshmilk, ~j was related

to the externalgamma radiationleyel by the relation

&=(26,000Yo) to(96,000%Jpci/1

where 70 Is the open field,external.gamma dose rate at 3 feet above the

&mund surface,24 hours followingdetonation,expressedin mr/hr. Ikther,

by CMSU.mi~ the IlilM3Sof the thyroidto

child consumes1 liter of contaminated

of i~ested 1-131 reachingthe thyroid

time of

between

I-131 in f=sh milk is 5 days,

the msximum I-131 level In the

be 2 grams (1 year old child),the .

cow’smilk per day, the fraction

is 0.3, and tlw half reduction

Krmpp providesthe follotingqrelattin

milk and the dose to the t~roid

D= (1.~ x 10-4) ~ rads

~US, if ~ ~ies in the ra~e of (26,0007.) to (%,OOOyo) then

D= (4.4%) to (16.4 ?.) rads

P

Since the @mma exposurerate at

nozmallyobtainedin the scaling

modified,assumiaga t-1e2 decay

H+l hour, kather than at x+24 hours, is

technique,the above equationshave been
..
deperxience,to the foX1.owing I

.

I
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2.-. = (5S0 ‘i) tO (2}iN ‘1) pci/i

D = (O.lY’l)to (0.3771)rads’

v:.em ~, is the o~n fiehi, e~tiemal~-a dose rate one hour folloa<~?

detomtion, expressedin mr/hr, Currentconservationpracticeis to use

the upper limit of the dose range.

The dose estimatedby this techniqueis reducedby a factor of 5 if daiw

cattleare only consumi~ contaminateddry feed. Also, only the fission

yield of,a device is used to est~te the’H+l hour gamna emosure rate,

neglecting any inducedactivity.

Evaluationof3rediction Techniques

A limited

repfiuce

different

examination of the ability of the falloyt scaling technique to

observed data has been performed on a number of cases in three

categories of events. The three categoriesof events include

tomr shots,excavatione~rimnts, and ventingsof undergrounddetonations

desi~nedfor completecontainment. @served exposurerate or e~osure versus

distancecurvesalong the fallouthotlinesfor the severalevents in a

given cate~o~ have been normalizedto an arbitraryset of conditions

utilizingthe scalingtechnique. If each event in a given catego~ is a

reasonableanalog of the others in that categoryand if the parametersin the

scalingequationsare known accuratelythen th? normalizationshouldhopefulu ‘

result In a tightly grouped set of curves.

T’nreeevents,

Tk3st Series.

Hamilton,Humbolt,and Rio Arriba were chosen from the HardtackXI

Each of the deviceswas detonatedon a wooden tower. Zhese
.

.,. .
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cvcn:s were chosen bccmse the fmllout documentalion was adcqunteto

rmsombly dctemine the exposurernte-distancecurvesand the fallout
.

fracticns. Their yields ranged from 1 te 92 tons, falloutfractionsa

factorof about 3, and tower hei~hts from 25 to 72 feet. Fallouthodoemph

shearsrn~~cd from nbout 2° to 30°, mean wind speeds fran 2 to 29 knots,

and initialcloud tops

exposurerate-distance

separationbetween any

from about 2900 to 9400 feet. The normalized

curves are shown in Figure l~m the -Imum

two curves is seen to be a factor of about 2.2 at

one mile downwind,with less separ~tionat all greaterdistances.

Normalizedexposurerate-distancecurves for the fu excavationexperiments,

JohnnieBoy, Sedan,Napot Ess, and Ikmti Boy

ra~e in total yield of those detonationswas

the range in falloutfractionwas a factor of

are shown in Figure 2. ‘I%e

a factor of about 240 and /-

about 13. Observedwind

speeds,shears,and cloud heights,as expressed in the scalingequations,

also varied considerably. The separationbetween the normalizedcurves is

a factorof about 3 at shorterdistances,decreasi~ with increasingdistance

to a factorof about 1.8 at 120 miles downwind.

Only two cases of ventingsof undergroundintonationsdesignedfor cmplete

containment* availablewhich are reasonablearnlo,~es. These am the

Pike and Pinstripeevents. Both ventingswere of short durationand had

rather similarearly-timecloud rises. Yields, as well as falloutfractions,
I

differedby about one order of magnitude. Shearsah mean wind speedswere

The normalizedexposure-distancecurvesfor these two events are
,,

Fi~~e 3. A maximum separationbetweenthe two curves is a factor

;: of about 2.6 at a downwinddistanceof 86 miles, however,the separation
‘:

.

.
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is con~;idcrablysmnllcrnt all other diotances.

It wl~pc:lrs,fL*cmthe fore~oi~ examplea, that the scalinrtcchniqucpcrformu

rcwonnbly well for a variety of types of nucleardetonations. obviously,

the accuracyof this predictionmethod, as well as any other fallout

predictionmethod,dcpendoultinn~elyon acourateprediction of input

pnr.ametero.

Some radioloflicnldata are availablewith which to examinethe performance

of the Knnpp relationshipfor both the Pike and Pinstripeevents. The

downwirxidistanceto the dairieowere 85 miles in the &se of Pike and

63 miles in the case of Pinstripe. In both instancesthe dai~ cows were

on green feed ad

been analyzedand

constructedueing

the depositionwas dry. Fallout data for both events have

dose rate patternsfor an H+l hour referencetime we=
.

observedcannnadecay rates. These gannnadose rates at

the locationswhere radiolodinewaa observedin cow’s

determinethe peak concentrationof 1-131which would

means of the Knapp relationship. The results of this

fw.lows :

milk were used to

be predictedby

calculationare as

MaxinnunConcentrotion~(P@)

Eve nt—.
6

PiIce
Pinstripe

Applicationof

Predictedl’kuype .Ohservcd

174 to 630
3500 to 12,600

the upper end of the range results

420
4900

in overesti=tes by a

factorof 1.5 for Pike and 2.6 for Pinstripe.

of the range still resultsin an overestimate

but only a 4$ unde~stimate for Pike.

_. .._. . ... .. . . . . .. . . .. .

Applicationof tie middle

by a factor of 1.7 for Pinstripe

.
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